Damage visualization and deformation measurement in glass laminates during projectile penetration  by Strassburger, Elmar et al.
Available online at www.sciencedirect.comScienceDirect
Defence Technology 10 (2014) 226e238 www.elsevier.com/locate/dtDamage visualization and deformation measurement in glass laminates
during projectile penetration
Elmar STRASSBURGER*, Steffen BAUER, Gregor POPKO
Fraunhofer Institute for High-Speed Dynamics, Ernst-Mach-Institute (EMI), Am Christianswuhr 2, 79400 Kandern, Germany
Received 13 January 2014; revised 16 April 2014; accepted 22 May 2014
Available online 2 June 2014AbstractTransparent armor consists of glass-polymer laminates in most cases. The formation and propagation of damage in the different glass layers
has a strong influence on the ballistic resistance of such laminates. In order to clarify the course of events during projectile penetration, an
experimental technique was developed, which allows visualizing the onset and propagation of damage in each single layer of the laminate. A
telecentric objective lens was used together with a microsecond video camera that allows recording 100 frames at a maximum rate of 1 MHz in a
backlit photography set-up. With this technique, the damage evolution could be visualized in glass laminates consisting of four glass layers with
lateral dimensions 500 mm  500 mm. Damage evolution was recorded during penetration of 7.62 mm AP projectiles with tungsten carbide core
and a total mass of 11.1 g in the impact velocity range from 800 to 880 m/s. In order to measure the deformation of single glass plates within the
laminates, a piece of reflecting tape was attached to the corresponding glass plate, and photonic Doppler velocimetry (PDV) was applied. With
the photonic Doppler velocimeter, an infrared laser is used to illuminate an object to be measured and the Doppler-shifted light is superimposed
to a reference light beam at the detector. The simultaneous visualization and PDV measurement of the glass deformation allow determining the
deformation at the time of the onset of fracture. The analysis of the experimental data was supported by numerical simulations, using the
AUTODYN commercial hydro-code.
Copyright © 2014, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Transparent armor is one of the most critical components in
the protection of light armored vehicles. Typical transparent
armor consists of several layers of glass with polymer in-
terlayers and backing. The design of transparent laminates for
ballistic protection is still mainly an empirical process.
Considering the high number of parameters influencing the* Corresponding author. Tel.: þ49 7626 9157235.
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2214-9147/Copyright © 2014, China Ordnance Society. Production and hosting byperformance, such as number, thickness and type of the glass
layers, and thickness and type of the bonding layers and the
polymer backing, the necessity to have tools for a systematic
optimization becomes obvious. A detailed understanding of
the dominant mechanisms during projectile penetration is
required in order to improve the performance of multi-layer
ceramic faced transparent armor.
The damage mechanisms in single glass plates have been
studied by several researchers. The fracture propagation
initiated by projectile impact and explosive loading was
visualized by means of Schlieren photographs and shadow-
graphs by Schardin [1], Christie [2], Rader [3] and Glenn [4].
Crack propagation velocities in the range from 1500 to
2000 m/s were determined in these investigations. Already in
the late 1930s, Schardin [5] had conducted tests, where a
projectile impacted the edge of a glass plate, and observed theElsevier B.V. All rights reserved.
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using the shadowgraph technique. He described The formation
and propagation of stress waves in this so-called edge-on
loading situation [6]. In the 1980s, Hornemann et al. redis-
covered the usefulness of the edge-on impact (EOI) technique
for the investigation of fracture phenomena [7]. Senf et al. [8]
and Strassburger et al. [9] conducted the comprehensive
studies using the edge-on impact technique in order to deter-
mine he propagation velocities of crack and damage in several
types of glass and glass ceramics [10] targets impacted with
steel projectiles in the velocity range from 50 to 1000 m/s.
Senf et al. also demonstrated the nucleation of cracks by the
compressive (longitudinal) wave in the interior of K5-glass
blocks with dimensions 150 mm  100 mm  100 mm in a
high-speed photographic study [11]. Bourne et al. [12] also
found the evidence of compressive failures in soda-lime and
borosilicate glasses by means of high-speed photography
during plate impact tests. A failure front was formed through
nucleation of cracks at local inhomogeneities in the glass, and
a failure front velocity of about 2 km/s was measured. Behner
et al. [13] conducted the reverse ballistic experiments with rod
shaped projectiles and cylindrical borosilicate glass targets.
Failure front velocities in the range from 1390 m/s to 2200 m/s
were observed for impact velocities between 948 m/s and
2328 m/s. The work of Behner was extended by
Anderson et al. [14], and the simulations of the experiments
were conducted by Anderson and Holmquist [15].
Strassburger et al. [16] investigated the propagation of
wave and fracture in glass laminates by means of the EOI
technique, and observed a strong attenuation of the stress
waves in the bonding layers. From the second layer on fracture
was initiated mainly close to the rear side of the glass layers
after the reflection of the compressive wave as a rarefaction
wave. Bourne and Millet [17] studied the influence of
boundaries in glass targets using plate impact tests. They
observed a strong influence of the surface finish, i.e. the flaw
distribution at the surfaces, on the formation of cracks in a
soda-lime glass laminate. Only very few reports are available
in the open literature on impact damage in glass-laminates of
the type that could be employed as transparent armor in mil-
itary vehicles. Bless and Chen [18] provided a detailed
description of damage due to high velocity impact of fragment
simulating projectiles on thick laminates, comprising seven
layers of soda-lime glass. However, the focus was on the
damage assessment after the impact test was completed.
Grujicic et al. [19] developed a material model for soda-lime
glass, which treats glass as a stochastic brittle material
which damage dominated deformation and ultimate failure are
controlled by the pre-existing flaws. The model was applied to
predict the multi-hit performance of laminates consisting of
five glass and five polycarbonate layers, respectively [20].
Each of the glass laminates was tested with 4 shots and the
computational results were compared to the final state of
damage after each hit. In the study presented here, damage
evolution was observed during projectile penetration and dy-
namic fracture propagation, and the deformation of single
glass layers were measured.2. Experimental configuration and measuring techniques
Eight impact tests were conducted with caliber 7.62 mm
armor piercing (AP) projectiles with tungsten carbide core,
which total mass was 11.1 g. The impact velocities were in the
range from 800 m/s to 880 m/s. The glass-laminates consisted
of four layers of commercial soda-lime glass and a 3 mm thick
polycarbonate layer at the rear side. The thickness of the
glass-layers was 10 mm þ 3  12 mm, resulting in a total
thickness of glass being 46 mm. Four of the laminates were
bonded with PVB (polyvinylbutyral), PU (polyurethane)
bonding layers were employed with four of the laminates.
Each of the bonding layers had a thickness of 0.8 mm. The
lateral dimensions of the laminates were 500 mm  500 mm.
The edges of the single glass plates were ground and polished
in order to enable a clear view into the interior. Damage
evolution in the glass-laminates was visualized by means of
Shimadzu HPV microsecond video camera, which was posi-
tioned at the side of the specimens, perpendicular to the shot
axis. Due to the large dimensions of the glass plates, a tele-
centric objective lens had to be used with the high-speed
camera in order to achieve a sufficiently high parallelism of
the optical path. Pre-tests with a regular zoom lens had
demonstrated that the superposition of reflections from the
surfaces of the glass plates simulated an unrealistic damage
evolution. The glass-laminates were illuminated with a flash-
bulb from the opposite side such that the intact glass layers
appeared bright in the high-speed photographs. The damaged
parts of the glass appeared dark, due to the deflection of the
light by the fracture surfaces. The glass-laminates were
clamped between two steel frames and the steel frames were
held by fixed counter bearings so that the target as a whole
could not move in the direction of the shot. In order to mea-
sure the residual projectile velocity in case of target perfora-
tion a high-speed video camera was placed at the side behind
the target.
For the measurement of the deformation of single glass
plates within the laminates, a piece of reflecting tape was
attached to the corresponding glass plates, and photonic
Doppler velocimetry (PDV) was applied. The PDV measuring
technique was developed and described by Strand et al. [21]
and utilizes the optical Doppler effect for velocity measure-
ment. With a photonic Doppler velocimeter an infrared laser is
used to illuminate the moving object to be measured. “Optical
fibers are used to transport light from the laser to a probe
containing a lens that focuses the light onto the moving sur-
face. This same probe then collects a fraction of the light that
is scattered or reflected from the moving surface and sends the
Doppler-shifted light to the detector” [21]. The Doppler-
shifted light is then superimposed on a reference, non-
Doppler-shifted light beam at the detector. The resulting
beat signal is then recorded on a digitizer. The beat frequency
is directly proportional to the velocity of the moving object
and can be extracted from the raw data by means of short-time
Fourier transformation. Fig. 1 shows a schematic of the
experimental set-up. The layout of the laminated glass targets
is illustrated in Fig. 2.
Fig. 1. Schematic of test configuration and target.
Fig. 2. Glass laminate design for tests with 7.62 mm AP projectiles.
Fig. 3. Residual velocity vR versus impact velocity vP
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Damage evolution was visualized in eight tests with AP
projectiles. The impact velocities were in the range from
800 m/s to 880 m/s, which is close to the ballistic limit velocity
of the laminates. The residual velocity vR is plotted versus
impact velocity vP in Fig. 3. The vR data can be approximated
analytically by means of the equation
vR ¼ a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2P v2BL
q
;
where vBL is the ballistic limit velocity. The parameters a and
vBLwere determined by a least squares fit of the data of the PVB-bonded laminates, which delivered a ballistic limit velocity of
832 m/s. The residual velocities with the PU-bonded laminates
were slightly lower above the ballistic limit velocity of the PVB-
bonded laminates, which could indicate a higher penetration
resistance compared to the PVB-bonded glass. However, it has
to be considered that the set of data is extremely limited.Fig. 4 shows a selection of eight high-speed photographs
from a test at impact velocity of 805 m/s, where the projectile
was stopped. The total field of view of the camera in
connection with the telecentric lens was 78 mm  60 mm. The
glass layers are visible as the four bright rectangular zones
denoted by G1, G2, G3 and G4 in Fig. 4. The visible parts of
the glass layers are separated by dark vertical lines, which
correspond to the bonding layers with 0.8 mm in thickness and
an additional zone with 1.3 mm in width at each side of the
glass plates, due to beveled edges. The dark areas to the left
and right of the glass laminates are due to the steel frames that
hold the laminates in place. The shot direction was from the
229E. STRASSBURGER et al. / Defence Technology 10 (2014) 226e238left to the right, which is indicated by the white arrow. The
high-speed photographs illustrate the damage evolution in the
first layer of glass. Within five microseconds the cracks have
reached the rear side of the glass plate and a fracture zone of
nearly semi-circular shape had been formed. In the following
period of time only damage propagation in the lateral direction
was observed. A nearly rectangularly shaped damage zone
expanded at an average velocity of 1495 m/s. The propagation
velocity was derived from a linear fit of the measured position
and time data. For the fracture propagation in the impact di-
rection a higher mean velocity of about 2000 m/s was deter-
mined from three positionetime measurements.Fig. 4. Selection of 8 high-speed photographs illustrating damage evolution in the first layer of glass; Test no. 18764.The complete damage evolution in the laminate (within the
field of view of the camera) is illustrated in Fig. 5, which
shows a selection of 25 high-speed photographs over a time
interval of 60 ms. Damage became visible in the second glass
layer at 19 ms after impact. The fracture started from the
impact side of the glass in the center, ahead of the penetrating
projectile. The course of the damage evolution in the second
glass layer was very similar compared to the first layer. From
the analysis of the positionetime data a mean fracture velocity
of 1618 m/s was derived in the shot direction, and a mean
velocity of 1569 m/s was derived in the lateral direction. In the
fourth layer of glass, fracture was observed after 37 ms,
starting from the rear side of the plate and propagating against
the shot direction. Fracture propagation in the third layer of
glass could be recognized after 39 ms, starting from the front
side of the plate and propagating in the shot direction. The
mean fracture velocities in the third glass layer were 1700 m/s
in the shot direction and 1578 m/s in the lateral direction. The
fracture front in the fourth layer propagated against the shot
direction at a mean velocity of 1348 m/s up to t ¼ 41 ms and
then slowed down rapidly. The lateral propagation velocity
was 1610 m/s. The positionetime data of the lateral crack
propagation for all glass layers are summarized in Fig. 6. The
velocities determined by linear regression are close to the
terminal crack velocity vCR ¼ 1550 m/s that was measured in
EOI-tests with soda-lime glass [8]. The fracture velocities arealso in fairly good agreement with theoretical predictions.
Yavari and Khezrzadeh [22] predicted a material dependent
terminal crack velocity in the range of 0.5e0.557 cR
(cR ¼ Rayleigh wave velocity) and 0.539e0.557 cR for plane
stress and plane strain, respectively. The Rayleigh wave ve-
locity can be determined from the transversal wave velocity cT
and the Poisson's ratio n using the equation given by Schardin
[23]: cR ¼ [(0.87 þ 1.12 n)/(1 þ n)]*cT. For cT ¼ 3570 m/s and
n ¼ 0.22, a Rayleigh wave velocity of 3267 m/s is obtained.
The velocity range 0.5e0.557 cR then corresponds to
1633 m/se1820 m/s. From the agreement of the observed
crack velocities with theoretical predictions and data fromEOI-tests it can be concluded that the observed damage
propagation in the lateral direction corresponds to the propa-
gation of radial cracks.
Fig. 7 shows an overview pathetime diagram of the wave
and fracture propagation in the glass laminate of test no.
18764. The different layers are separated by the thick hori-
zontal lines. The position data for the fracture fronts in and
against the shot direction are plotted for each layer. The di-
rection of fracture propagation is indicated by the broad ar-
rows. Wave propagation was not visible in the high-speed
photographs. The straight lines for the longitudinal and
transversal wave are based on the velocities determined from
the EOI-tests in Ref. [8]. Due to the lower wave velocities in
the bonding layer (longitudinal wave velocity of polyurethane
cL ¼ 1800 m/s [24]), a time delay of 0.3 ms e compared to the
unperturbed propagation in glass e was taken into account at
each interlayer. A comparison of the arrival times of the waves
at the front and rear side of the single glass layers reveals that
there was no correlation between wave reflections and the
onset of fracture.
The ballistic data and the results with respect to damage
evolution are summarized in Table 1. The time when damage
occurred is listed for each glass layer in all laminates. In the
last four columns it is indicated at which side of the glass layer
(F ¼ front side, R ¼ rear side) fracture was initiated. In some
cases, fracture started outside the field of view of the camera,
Fig. 6. Positionetime curves for lateral crack propagation.
Fig. 5. Selection of 25 high-speed photographs illustrating damage evolution through complete laminate from test no. 18764.
Fig. 7. Pathetime history of wave and fracture propagation from test no.
18764:7.62 mm AP, vP ¼ 805 m/s; vR ¼ 0 m/s.
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cases are indicated by the letter “S” in Table 1. The order of
the letters represents the order of the occurrence of fracture.
Fig. 8 illustrates the course of damage evolution, where the
time of the onset of fracture is plotted for each glass layer,
separately for the laminates with PVB (polyvinylbutyral) and
PU (polyurethane) bonding layers. In the first two glass layers,
the damage evolution was nearly identical for all laminates.
The variation in time for the onset of fracture in the third layer
was relatively small: 32e33 ms with the PVB bonded andbetween 36 ms and 39 ms in case of the PU bonded laminates.
With the PVB bonded laminates, the fracture was initiated first
at the rear side in two cases. The biggest variations, not only
with respect to the onset of fracture, but also with respect to
the side of the plate where fracture started, were observed in
the last glass layer. With the PVB bonded laminates, the
fracture occurred after 38e39 ms in case of perforation. In
those tests where the projectile was stopped, fracture was not
observed until 64e66 ms. In the PU bonded laminates, no clear
difference could be recognized for the cases of partial and
complete penetration.
Table 1
Ballistic data and onset of damage times for 4-glass-layer laminates impacted with 7.62 mm AP projectiles.
Test# Inter-layer Impact velocity/(m$s1) Residual velocity/(m$s1) Time of visible damage layer no. Damage starts at layer no.
1/ms 2/ms 3/ms 4/ms 1 2 3 4
18759 PVB 879 274 1 19 34 39 Fa F Ra R
18761 PVB 841 140 1 18 37 38 F F F R
18762 PVB 832 0 1 18 32 64 F F R R/F
18763 PVB 829 0 1 17 36 66 F F F R/F
18764 PU 805 0 1 19 39 37 F F F R
18765 PU 825 0 1 19 39 46 F F F Sa
18766 PU 839 0 1 18 38 61 F F F S/F/R
18767 PU 872 141 1 17 64 48 F F F/R F/R
a F ¼ Front side of glass layer, R ¼ rear side, S ¼ lateral damage propagation.
Fig. 8. Damage evolution in laminates with PVB (left) and PU bonding layers.
231E. STRASSBURGER et al. / Defence Technology 10 (2014) 226e2384. Dynamic deformation
The dynamic deformation of the fourth or third glass layer
was measured by means of photonic Doppler velocimetry in
several tests. Four different cases are discussed in detail in the
following.4.1. vP ¼ 805 m/s, vR ¼ 0 m/s, PU-bonding, reflector on
glass layer 4Fig. 9(a) shows the velocity signal over a time interval of
900 ms, starting at the time of impact, for test no. 18764, for
which damage evolution was discussed in detail in the previ-
ous section. The maximum velocity of 103 m/s at the rear side
of the fourth glass layer was observed at 85 ms after impact.
The velocity then decreased and the glass plate swung back
after 600 ms. The maximum deflection of the glass, which was
reached at that time, was 19 mm. The deflectionetime curve,
which was determined by integration of the velocity signal, is
depicted in Fig. 9(b). Since most of the damage evolution in
the impacted area took place during the first 100 ms after
impact, this time interval has to be scrutinized. The velocity
signal during the first 100 ms is plotted in Fig. 9(c). The first
rise of the velocity signal occurred at t ¼ 9.7 ms, i.e. about 1 msafter the theoretical time of arrival of the longitudinal
compressive wave at the rear side of the fourth glass plate. The
short delay can be attributed to a possibly non-ideal adhesion
of the reflector foil on the glass plate. However, the quick
response to the arrival of the longitudinal wave demonstrates
the high sensitivity and resolution of the PDV measuring
method. The velocity then increased up to 16 m/s after 23 ms.
At that time, the fracture front in the second glass layer arrived
at the back side of the glass. The velocity at the back side of
the fourth layer was then decreased by about 10 ms, which can
be explained by the penetration of the projectile core into
fragmented glass and a reduced load transfer to the following
glass layers. When the compression of the fragmented glass
ahead of the projectile was high enough, the fourth glass plate
was accelerated and the velocity increased again. A jump in
the velocity signal occurred at 41 ms, a few microseconds after
the beginning of fracture propagation in the fourth and third
glass layer. The velocity jump was followed by a 10 ms period
of constant velocity and then the velocity measured at the
reflector on the now strongly fragmented glass reached its
maximum after another 35 ms. The deflection of the fourth
glass plate during the first 100 ms is depicted in Fig. 9(d). At
the time when failure occurred, the deflection of the glass plate
was 0.3 mm.
Fig. 9. Velocity signal (a, c) and deflectionetime history (b, d) from PDV-measurement in test no. 18764: vP ¼ 805 m/s, vR ¼ 0 m/s, PU-bonding.
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glass layer 3The projectile was stopped at 825 m/s impact velocity, and
the maximum dynamic deflection of 17 mm was observed
after 480 ms. Fig. 10 shows the corresponding velocity and
deflectionetime curves. The decrease of the deflection at the
rear side of the laminate to 6.9 mm permanent deflection
cannot be seen from the deflection time curve in Fig. 10, since
the signal was only recorded up to 900 ms. The velocity signal
started rising after 6.3 ms, which is in ideal agreement with the
theoretically expected time of arrival of the longitudinal wave
at the back of the third glass layer. The course of the velocity
signal was similar to that of test no. 18764, which can be
explained by the similar damage evolution. In the third glass
layer, the damage started after 39 ms at the front side and
reached the rear side, where the reflector was attached, at
t ¼ 43 ms. From this time on, the jumps in the velocity signal
occurred. The fourth glass plate was still intact during this
time interval. The damage started in the fourth glass plate
outside the field of view of the camera and propagated toward
the center. It became visible after 46 ms and reached the center
of the specimen (shot axis) at t ¼ 75 ms. At that time the
resistance of the fourth glass plate against the acceleration of
the fragments of the third plate dropped and the velocityincreased rapidly. The maximum velocity of 91 m/s was
reached at t ¼ 97 ms. It can be assumed that, after the damage
in the last glass layer had extended over the center at some
time, the laser light was not reflected any more from the foil at
the back of the third glass layer, but from the surfaces of the
fragmented glass in the fourth layer. However, when the glass
in both layers is moving at about the same velocity, no jump in
the velocity signal will be registered in spite of the shift of the
reflection point.4.3. vP ¼ 829 m/s, vR ¼ 0 m/s, PVB-bonding, reflector on
glass layer 4In test no. 18763 the projectile was also stopped in the
fourth glass layer and did not perforate the reflector. The
damage evolution was similar to those in the first three glass
layers in test no. 18764, but failure appeared about 30 ms later
in the fourth glass plate. Fig. 11(a)e(d) show the corre-
sponding velocity and pathetime histories. The maximum
velocity of 90 m/s was reached at 94 ms after impact. The
maximum deflection of 8.4 mm was observed at t ¼ 435 ms
and was less than half of the deflection measured in test no.
18764. The velocity signal started rising at t ¼ 10.5 ms, which
was 1.8 ms after the expected time of arrival of the longitudinal
wave. It is similar to the case in test no. 17864 that the velocity
Fig. 10. Velocity signal (a, c) and deflectionetime history (b, d) from PDV-measurement in test no. 18765: vP ¼ 825 m/s, vR ¼ 0 m/s, PU-bonding.
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fracture propagation in the second glass layer. Damage in the
third glass layer, which propagated in the field of view of the
camera (i.e. a zone of radius 40 mm around the shot axis) in
the time interval of 37e67 ms, did not cause the strong ve-
locity changes of the fourth glass plate, which was still
completely intact during this period of time. The fracture
started in the fourth glass layer after 67 ms at the front side and
the crack front reached the back side at t ¼ 75 ms. Immediately
after the arrival of the crack front at the back side of the glass
plate, a big jump of the velocity was measured, probably
caused by the acceleration of the glass fragments in the center,
which were now separated from the outer parts of the glass
plate. The deflection of the fourth glass plate was 0.8 mm at
the onset of damage.4.4. vP ¼ 841 m/s, vR ¼ 140 m/s, PVB-bonding, reflector
on glass layer 4At 841 m/s the projectile completely penetrated the glass
laminate and the residual velocity of the projectile core was
140 m/s. The damage evolution was very similar to that in test
no. 18764, i.e., the fracture propagation started at about the
same times as observed in all glass layers in test no. 18764. The
velocity and the deflection of the fourth glass plate were also
nearly identical to those in test no. 18764 during the first 50 ms.The velocity signal and the deflectionetime curves are dis-
played in Fig. 12. The total time of recording was 260 ms. The
first rise of the velocity signal was observed at 9 ms after impact,
which is in very good agreement with the expected arrival time
(8.7 ms) of the longitudinal wave. After 90 ms the velocity
reached a plateau with an average velocity between 120m/s and
130 m/s. Since the projectile perforated the laminate, the ve-
locity at the plateau should be close to the residual velocity. On
one hand, it has to be considered that the projectile core was
surrounded by glass particles during the exit of the target. On
the other hand, the projectile perforated the reflector some time
and the reflected signal then originated from the projectile or the
glass particles. Since the projectile was tumbling after having
exited the target and did not fly straight in the shot axis, the
signal was interrupted after about 260 ms. The residual projec-
tile was observed by means of a high-speed video camera, and a
velocity of 140 m/s was determined.
5. Numerical simulation and analysis
For a further analysis of the experimental results with
respect to the correlation between projectile penetration, the
target deformation and damage evolution numerical simula-
tions were conducted. These include two-dimensional as well
as three-dimensional simulations by means of the commercial
finite element solver AUTODYN.
Fig. 11. Velocity signal (a, c) and deflectionetime history (b, d) from PDV-measurement in test no. 18763: vP ¼ 829 m/s, vR ¼ 0 m/s, PVB-bonding.
Fig. 12. Velocity signal (a, c) and deflectionetime history (b, d) from PDV-measurement in test no. 18761: vP ¼ 841 m/s, vR ¼ 140 m/s, PVB-bonding.
Table 2
Material models employed in the simulations.
Material EOS Strength Failure Reference
Soda-lime glass Polynomial JH-2 JH-2 [26]
Polyurethane Linear Elastic Principal stress [28,29]
Polycarbonate Shock Piecewise JC None [30]
Steel Linear Johnson Cook Johnson Cook [31]
Copper Shock Piecewise JC None [32]
Tungsten carbide Shock Von Mises None e
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geometry was modeled to be cylindrically axisymmetric with
a radius of 150 mm (see Fig. 13(a)). To enable a more realistic
crack development, the three-dimensional simulations were
also conducted. For this purpose, a half-symmetric cuboid
with an impact surface of 200  100 mm2 was modeled. The
disadvantage of the three-dimensional simulation was a higher
computation time and a lower mesh resolution compared to
the two-dimensional simulation.Fig. 13. Illustration of the meshing in 2D (a) and 3D simulations (b).Regarding the meshing, the Lagrange formulation was
chosen. In the two-dimensional simulations, all laminate ma-
terials (soda-lime glass, polyurethane and polycarbonate) were
discretized by square cells with side length of 0.5 mm. Each
layer of the laminate was modeled as a single Lagrange sub-
grid, and all overlapping nodes were joined together and
regarded as single nodes in the calculation. Because of the
more complex projectile geometry, a finer meshing was cho-
sen to discretize the components of the AP projectile. There-
fore, its mesh consisted of triangle and quadrangle with an
average size of 0.15 mm. Furthermore, in the three-
dimensional simulation of the laminate, the cubic cells with
side length of 0.66 mm were used within the area around the
axis of impact. The lateral dimensions of the cells were then
gradually increased toward the outer edges of the laminate
(see Fig. 13(b)).Fig. 13. (continued)To avoid the cell distortions and grid tangling, an
instantaneous geometric erosion strain was assigned to all
Lagrange regions. The polycarbonate and the polyurethane
elements were eroded at a geometric strain of 200%,
whereas all other materials were eroded at 150% of geo-
metric strain.
For the numerical simulation, each material has to be
described by an appropriate material model which requires
several input parameters. To model the soda-lime glass, the
Johnson-Holmquist material model JH-2 [25,26] was chosen.
Furthermore, a standard input parameter set provided by
AUTODYN was used. These parameters were calibrated by
Richards et al., who conducted the experiments with various
glass laminate configurations [27]. The JH-2 model has three
components. One is the equation of state, which describes the
pressureevolume behavior, while the other two describe the
strength and the damage. The model includes two different
smoothly varying functions to describe the strength of the
intact and damaged materials. The damage is represented by a
parameter D, which is calculated and accumulated for every
cycle of integration [26].
The projectile consisted of a steel jacket, a copper filler and
a tungsten carbide core. Since no deformation of the tungsten
carbide cores was observed in the tests, a very high yield stress
of 6.6 GPa was chosen for the simulations, so that the pro-
jectile core penetrated as a rigid body and only very few cells
were eroded. Table 2 provides a summary of all necessary
materials and the employed material models.5.1. Results of 2D simulationsFig. 14 shows that the computed projectile velocity results
from the two-dimensional simulations for different impact
velocities vP ranging from 765 m/s to 885 m/s. As mentioned
in Chapter 4, most of the damage in the experimental tests
occurred within the first 100 ms after the impact. In the sim-
ulations, the differences between the penetration velocities
were almost negligible for all plotted impact velocities during
the first 50 ms. After about 70 ms, the shapes of the curves
started to differ. It can be concluded that the ballistic limit of
these two-dimensional simulations was in the range from
775 m/s to 805 m/s, which is close to the experimental value of
832 m/s.
In the following section, the two-dimensional simulation
with the impact velocity of 805 m/s will be compared in
more detail with the corresponding test (no. 18764, see
Fig. 5). Fig. 15 shows the computed damage plots at eight
Fig. 14. Computed velocityetime curves of the tungsten carbide projectile
core for different impact velocities vP.
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was colored blue, whereas completely destroyed glass ele-
ments (D ¼ 1) were marked red. A comparison with the
correlated experimental high-speed photographs (Fig. 5)
revealed that the computed fracture evolution started earlier
(see also Table 3). Fig. 16 shows a comparison of the
experimental fracture propagation and the simulated position
of the projectile nose. The arrows indicate the direction of
the experimental damage propagation, and the green curve
shows the computed position of the projectile versus the
elapsed time. After approximately 6 ms the tungsten carbide
core has penetrated the steel jacket of the projectile and the
slope of the position-time curve increased. It is particularly
noteworthy that there is a close time correlation between the
beginning of the fracture and the arrival of the projectile in
the first three layers of the laminate. The hypothesis that the
onset of fracture was caused by the projectile nose itself was
in good agreement with the previously mentioned fact that
there was no correlation between wave reflections and the
beginning of the fracture. Fig. 17 shows the velocityetime
curves of the back side of the fourth glass layer. Although the
simulation did not reproduce the exact shape of the experi-
mental velocityetime curve, the general trend and magnitudeFig. 15. Computed damage evolution at an impact velocity of 805 m/s; cwere in good agreement with the experimental results. This is
not surprising since the PDV signal is sensitive to the fracture
propagation, as described in Chapter 4, and the fracture oc-
curs generally earlier in the simulations. The two-
dimensional simulations weren't expected to reflect all fea-
tures of the experimentally observed results, like radial crack
development and precise failure timing, but instead provide
some insight into the operative dynamics of the projectile
penetration. From the analysis of the projectile penetration
and the wave propagation in the laminates it can be
concluded that the material failure was due to the bending
stresses in those cases where damage started at the back side
of the glass plates. Since the bending strength of a brittle
material depends on the size and distribution of flaws, it can
be assumed that the variations in the time of onset of fracture
are due to statistical variations in the population of flaws at
the surface of the glass plates.5.2. Comparison of 2D and 3D simulationsFig. 18 shows the computed velocityetime curve of the
tungsten carbide projectile core for the three-dimensional
simulation as well as the corresponding curve of the two-
dimensional simulation. While the impact velocities were
805 m/s in both cases, the residual velocities differed. On the
one hand, the two-dimensional projectile perforated the
laminate with a residual velocity of approximately 56 m/s. On
the other hand, the projectile got completely stopped during
the three-dimensional simulation.
In theory, a three-dimensional model should result in a
lower target strength, due to the fact that radial cracks are
feasible. However, this effect is compensated by the lower
mesh resolution leading to a damped damage evolution and
delayed cell erosion. Compared to the experimental residual
velocity of 0 m/s, the three-dimensional simulation was in
perfect agreement, but even the two-dimensional result is
acceptable because of the experimental statistical variance. A
detailed plot of the projectile's velocity in relation to itsompletely destroyed (D ¼ 1) glass appears red in the contour plots.
Table 3
Comparison of the experimental and calculated results with respect to the onset of damage.
Test# Inter-layer Impact velocity/(m$s1) Residual velocity/(m$s1) Time of visible damage layer no. Damage starts at layer no.
1/ms 2/ms 3/ms 4/ms 1 2 3 4
18764 PU 805 0 1 19 39 37 Fa F F R
2D sim. PU 805 56 1 11 20 24 F R R R
3D sim. PU 805 0 1 11 20 23 F R R R
18767 PU 872 141 1 17 36 48 F F F/R F/R
2D sim. PU 885 206 1 11 19 23 F R R R
a F ¼ Front side of glass layer, R ¼ rear side.
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Fig. 19. The initial positions (t ¼ 0 ms) of all layers are
indicated as vertical gray lines. During the simulations, these
positions shifted toward larger values due to the bending of the
laminate. The exact positions and velocities of the projectile
entering each layer are marked by blue crosses. For the two-
dimensional simulation, these “internal impact velocities”
were v2D_layer2 ¼ 710 m/s, v2D_layer3 ¼ 527 m/s and
v2D_layer4 ¼ 223 m/s, while the three-dimensional results were
generally lower: v3D_layer2 ¼ 709 m/s, v3D_layer3 ¼ 500 m/s and
v3D_layer4 ¼ 144 m/s.
Finally, Table 3 provides a summary of two selected ex-
periments and their corresponding computed results. As
mentioned before, the calculated times for the onset of fracture
were invariably shorter than the ones extracted from the high-Fig. 17. Comparison between the experimental and computed velocities of the
fourth laminate glass layer at an impact velocity of vP ¼ 805 m/s (test no.
18764).
Fig. 16. Comparison of the experimental damage propagation (test no. 18764)
and the computed positionetime curve of the projectile nose; vP ¼ 805 m/s.speed photographs. Nevertheless, the calculated positions and
velocities of the projectile in relation to the elapsed time were
in good agreement with the experimental results. In summary,
the JH-2 model already provided a good possibility to predict
the penetrations and residual velocities of AP projectiles
hitting soda-lime glass laminates. In order to make correct
conclusions on the damage evolution, the high-resolution
three-dimensional simulations should be conducted, and the
material model should be also improved. For instance,
Holmquist and Johnson already developed a new model,
which provides a material strength that is not only dependent
on the state of damage, but also on the location of the material
[33].Fig. 18. Computed velocityetime curves of the tungsten carbide projectile
core for the 2D simulation (green line) and 3D simulation (red line) at an
impact velocity of vP ¼ 805 m/s.
Fig. 19. Calculated residual velocities of the tungsten carbide projectile core in
the 3D (red line) and 2D (green line) simulations with vP ¼ 805 m/s.
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The damage evolution due to impact of armor piercing
projectiles in transparent laminates, consisting of four layers
of soda-lime glass, polymer interlayers and backing, was
studied in detail. The formation and propagation of damage in
the single glass layers was visualized during the penetration of
projectile. Photonic Doppler velocimetry was utilized in order
to measure the deformation of single glass layers within the
laminates, simultaneously with the visualization of damage.
The simultaneous application of both measuring techniques
allowed establishing clear correlations between damage
propagation and the velocity and deformation of single glass
layers. The analysis of the experimental data was supported by
numerical simulations. From the analysis of the projectile
penetration and the wave propagation in the laminates, it can
be concluded that the material failure was due to the bending
stresses in those cases where damage started at the back side
of the glass plates. The measured deflections of the glass
layers at the onset of fracture were in the range from 0.3 mm to
0.8 mm. When fracture propagation started at the impact side
of the glass layers, it was initiated by the impact and pene-
tration of the projectile core into the respective glass layer in
all cases. The experimental techniques developed provide
tools to measure the influence of different types of glass and
bonding systems quantitatively, which represents a basis for
the improvement of future transparent armor.
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